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Although there are many examples of behaviour change interventions, as evidenced by numerous systematic reviews in the Cochrane Library (https://www.cochranelibrary.com), their effects are highly variable 2 . Such behaviour change interventions are also very heterogeneous in the techniques they employ, their settings, populations, delivery methods and target behaviours 2 and the theories used to inform them 3, 4 . The accelerating volume of published behaviour change intervention evaluations makes the synthesis of this evidence increasingly difficult for researchers, practitioners and policy-makers to manage 5 . To improve behaviour change interventions as rapidly and efficiently as possible, it is essential that the value of published behaviour change research is maximized 6 . A method that has helped to unify the understanding and reporting of behaviour change interventions has been the application of classification techniques; these have also been used productively in nature and the biosciences 7 . For example, typologies (classifications of general types) have been developed to classify micro-level aspects of the physical environment related to behaviours, as in the TIPPME (typology of interventions in proximal physical micro-environments) typology 8 . Taxonomies (classifications into ordered categories) 7 have been used to group and define key aspects of behaviour change. The 'content' of interventions (their putative active components) has been taxonomically expressed via Michie's Behaviour Change Techniques Taxonomy (BCTTv1) with 93 behaviour change techniques organized into 16 groupings 9 . Similar taxonomies to represent the mode of delivery 10 and mechanisms of action 11 of interventions are under development. Such classification systems allow similarities and differences between interventions to be made explicit; these have been very useful for evidence syntheses 12, 13 . Ontologies extend the hierarchical nature of taxonomies by providing a set of: (1) unique and unambiguous identifiers representing types of entity (objects, attributes and/or processes), (2) labels and definitions corresponding to these identifiers, and (3) specified relationships between the entities [14] [15] [16] (Table 1) .
Ontologies allow for more detailed knowledge to be expressed than via taxonomies. For example, whereas a taxonomy could express a parent-child relationship, such as 'intention is_a mechanism of action' , an ontology allows for more complex and multiple relationships, such as 'intention is_part_of mechanism of action' and 'is_measured_by self-report' 17 . Sophisticated logical axioms can be used to computationally define aspects of domain knowledge within ontologies, enabling downstream computational reasoning. Ontologies also allow different theoretical perspectives and conceptual frameworks to be integrated within a single field of study, while also facilitating the comparisons of concepts across fields 16, 17 . Furthermore, they allow large data sets to be synthesized efficiently using computation 16, 17 . Ontologies are manually edited and updated according to new developments in the given domain 14 , providing an active basis for shared knowledge and understanding.
Ontologies have been used to revolutionize knowledge in large domains. For example, a global, ongoing effort to provide an upto-date, comprehensive computational model of biological systems is evident in the Gene Ontology (http://www.geneontology.org) 18 . This provides a regularly updated and openly searchable source of knowledge about the biology of genes across all species using agreed on entities (biological processes, functions and cellular components) and relationships (for example, regulation) within the growing field of molecular biology. The Gene Ontology has been used to annotate more than 100,000 peer-reviewed scientific publications, providing an aggregate knowledge base that would not be possible without the ontology 17 . Using enrichment analysis, the Gene Ontology allows continual new insights to be derived for novel gene sets 19 . Computation of knowledge using ontologies also facilitates evidence synthesis, allowing systematic searches to be automatically and continually updated 20 . Repositories such as BioPortal 21 have been established to make ontologies freely downloadable to users. A key example of such a repository is the Open Biological and Biomedical Ontology (OBO) Foundry: a portal for the hosting and maintenance of 'gold-standard' ontologies 22 adhering to clearly defined principles of best practice 23 .
A scoping review of ontologies related to human behaviour change Emma Norris 1 Given the impact of ontologies in other domains, the potential of ontologies to facilitate knowledge synthesis in behaviour change is being investigated in the Human Behaviour-Change Project (www. humanbehaviourchange.org). This collaboration between behavioural scientists, computer scientists and systems architects aims to provide tools to enable researchers, practitioners and policy-makers to address the 'big question ' . This paper reports a scoping review conducted as part of this project, aiming to: (1) identify ontologies related to human behaviour change that could be reused in part or in full in the development of an ontology for the domain of human behaviour change, (2) describe the methods used to develop these ontologies, and (3) assess the quality of the content of the identified ontologies with respect to their potential for reuse.
results
Records (k = 2,427) were identified via electronic databases (k = 2,415), ontology repositories (k = 11) and ontology experts (k = 1). After removing duplicates, 2,303 records remained for screening. Records (k = 2,249) were excluded for not addressing the research question at the title and abstract review stage. After reviewing full texts, reasons for exclusion were irrelevance to the topic of this review (k = 11), no description of the ontology's development (k = 14), ontologies not being fully accessible online or downloadable following contact with authors (k = 13) and not being in English (k = 1). Fifteen records met the inclusion criteria (Fig. 1) .
Existing ontologies related to human behaviour change. Descriptions of the identified ontologies are provided in Table 2 , with a brief description of each ontology available in Supplementary Notes 1 and graphs depicting related measures provided in Supplementary Fig. 1 . Ontologies represented areas of mental processes and cognitions [24] [25] [26] , mental 27, 28 and physical [29] [30] [31] disease, psychological experimental design 32 , emotions 33, 34 , epidemiology 35 and health care 36, 37 . Identified ontologies were typically of medium scale, featuring between 100 and 1,000 entities, with the OBO Foundryapproved Human Disease Ontology (DOID) 29 having > 10,000 classes (entities). Eleven different expressivity codes were found across the 15 ontologies (codes and descriptions of these are provided in Table 2 ). The majority of identified ontologies were accessible via OBO Foundry 22 (9 out of 15) or BioPortal 21 (11 out of 15) repositories, with others made available via project websites 33, 38 or GitHub 28 (an online software development platform). Many terms of relevance to human behaviour change were identified from these ontologies, with examples from each ontology provided in Supplementary Notes 1. Relevant terms included describing populations that may be targeted in interventions, primarily identified in the Ontology of Medically Related Social Entities (OMRSE) 36 , such as 'smoker role' (OMRSE_00000039) defined as 'a role that inheres in an organism and is realized by habitually smoking tobacco products' . Classes for cognitions targeted as mechanisms of action within behaviour change were identified, such as 'positive emotion' (MFOEM_000211) defined as 'an emotion that has a positive valence' 34 . A large range of symptoms and outcomes used as markers of behaviour change were also classified, such as 'alcohol consumption' (NBO_0000131) defined as 'a drinking behaviour associated with the intake of alcohol' 26 and 'behavioural symptom' (SYMP_0019182) defined as 'a nervous system symptom that involves, is related to or emphasizes behaviour' 30 . The 'Health Behaviour Change Ontology' (HBCO) of Bickmore and colleagues 38 was most closely related to human behaviour change (Table 1 ). This ontology was developed for use in a specific context: an automated behaviour change counselling system to simulate dialogue between a human health counsellor and clients. It was based around the transtheoretical model of 39 to improve exercise levels and fruit and vegetable consumption. Possibly because of the specificity of its context, HBCO provides incomplete representations of behaviour change theories and concepts; it focuses on the transtheoretical model only and does not accurately capture the stage transitions indicated within it. As shown in a screenshot of the ontology file in Fig. 2 , 'Termination' , one of the six stages of change posited by the theory 39 , is missing. Stages are presented in an order that is not commensurate with the theory (should range from pre-contemplation to termination) and relationships between stages are not indicated. Other key theories 3 , concepts of behaviour change, such as behaviour change techniques 9 , and recommended reporting aspects, such as TIDieR 40 , are not incorporated. Thus, it was concluded that none of the ontologies that we identified captures the full breadth and detail required to adequately describe and explain human behaviour change interventions.
Methods used to develop these ontologies. A summary of the methods used in the identified ontologies is shown in each letter in the expressivity code corresponds to different aspects of ontology logic. AL, the base description logic language, without negation; ALC, the base description logic language, 'attributive language with complements', which includes class constructors for negation, union and intersection, as well as existential and universal qualifiers for role restrictions; ALCF(D), the base description logic language with specification of functional roles (F), that is, properties that can take only one filler, and data properties (D); ALN(D), the base description logic language with number restrictions (N) and data properties (D), which map to, for example, dates, numbers, and so on, and allow simple numeric computations; SHI, the base description logic language with transitive roles, inverse roles and role hierarchy; SR, the base description logic language with transitive roles, role hierarchy, disjoint roles and some additional allowed complexities in the definitions of roles; SROIF,
as per SR, as well as nominals (O), inverse roles (I) and functional roles (F); SROIN(D), as per SR, as well as nominals (O), inverse roles (I), unqualified number restrictions (N) and data properties (D); SROIQ, as per SR, as well as nominals (O), inverse roles (I) and qualified number restrictions (Q); SROIQ(D), as per SROIQ, as well as data properties (D)
. Code explanations were extracted from http://www.cs.man.ac.uk/~ezolin/dl/. 14 , a small, upper-level ontology that provides a structure for development by dividing entities into two categories of 'continuants' (representing objects and spatial regions) and 'occurents' (representing processes extending over time; Table 1 ). Upper-level structuring of ontologies using BFO is strongly encouraged for all ontologies registered on OBO Foundry 42 . Identified ontologies also incorporated classes from other ontologies to integrate terms based on domain areas other than the primary focus of the ontology. For example, the Cognitive Paradigm Ontology (CogPO) 32 incorporates many terms from the Information Artifact Ontology 43 to describe study materials in cognitive experimentation, such as 'action specification' (IAO_0000007) defined as 'a directive information entity that describes an action the bearer will take' .
User feedback was described for 6 out of 15 identified ontologies. This typically occurred after the ontology was launched online by inviting public comments through an online portal, such as a website or Wiki page 24, 32, 36 . Others reported using expert consultation during ontology development, prior to launch 29, 31, 38 . For example, the Exposure Ontology (ExO) 31 used a four-phase development process: after initial development from literature reviews and testing, a working group of experts critiqued the draft ontology. The final phase was seeking public feedback on the published ontology for further refinement, via repositories such as OBO Foundry and BioPortal.
Four out of 15 ontologies used data-driven techniques to identify classes and relationships. Techniques included annotating published literature during ontology development, that is, marking of documents to identify ontological terms 26, 31 . Data from health social network data sets 37 and external devices 33 were also used in ontology development.
Quality assessment of ontologies. A summary of the quality assessment used for the identified ontologies is shown in Table 2 . Eleven out of 15 ontologies provided Uniform Resource Identifiers (URIs) for each class, such as 'MF_0000027' , representing the class 'planning' in the Mental Functioning (MF) ontology 25 . Nine out of 15 ontologies had clear natural language definitions for all terms (that is, non-overlapping terms that lack redundancy 23 ), such as 'alcohol dependence' (DOID_0050741), defined as 'a substance addiction in which the substance that is compulsively consumed is alcohol' 29 .
Ontologies were assessed as not having clear definitions if entities were mostly undefined 30 or if definitions were extremely lengthy 35 . Graphs depicting measures of these quality assessments are provided in Supplementary Fig. 1 .
Twelve out of 15 ontologies were assessed as having a well-organized, hierarchical structure, including those developed around BFO, such as ExO 31 and OMRSE
36
.
Ontologies assessed as having unclear structures tended to lack specified inter-relationships between entity categories 24 . Thirteen out of 15 ontologies were found to be logically consistent, that is, contain no contradictions in their axioms, which is an important quality indicator and prerequisite for their use in automated reasoning applications. Two out of 15 ontologies were shown to have been evaluated in their accompanying papers, via incoming data from a tangible user interface known as an 'Emoti-Picture Frame' 33 and via evaluation metrics of incoming patient data 37 (more information can be found in Supplementary Notes 1) . Finally, 11 out of 15 ontologies were assessed as 'maintained' , that is, updated to reflect changes in scientific consensus over time. Maintenance was typically performed via ad-hoc updates, issue trackers and online feedback portals. The HBCO 38 has not been updated or maintained since its development in 2011, preventing interested parties contributing to its content.
Discussion
Fifteen ontologies related to human behaviour change were identified in this scoping review. These ontologies captured domains broadly related to behavioural science, with various entities identified related to human behaviour change. None captured the breadth and detail required to adequately describe and understand human behaviour and how to change it. All but one ontology had explicit interconnections with other ontologies, reflecting a key principle of interoperability between groups of developers 23 . These collaborations between resources highlight a primary principle of ontologies, which is to reuse existing classification systems if definitions and structures are appropriate to the domain in question 23, 44 . Incorporating user feedback to refine ontologies throughout the development process and after launch was relatively common, but the use of data-driven techniques, such as manual annotations as input into ontology development, was described less frequently. Higher-quality ontologies included URIs, clear definitions and structures, and an explicit strategy for ontology maintenance.
These ontologies demonstrate global ongoing work to systematize the accumulation and computation of knowledge in areas related to human behaviour change. Ontologies exist across a broad range of disciplines and domains, with those covering the domain of human behaviour largely exploring mental health, cognition and health care. The large number of quality criteria met by these ontologies may reflect the criteria for inclusion in the OBO Foundry (9 out of 15). Adherence to clear principles of ontology development and maintenance are required for an ontology to qualify for approval by them 23 .
The one example we identified of an ontology explicitly within the domain of behaviour change was the HBCO 38 . This was shown to be largely based around the transtheoretical model 39 , covering a restricted range of behaviour change theoretical concepts 3 . Relationships between stages of change in the transtheoretical model were absent, giving an incomplete picture of the suggested pathways to behaviour change that it proposes. The ontology was not maintained following its publication in 2011, meaning that any suggested changes to the ontology have not been incorporated and collaborations are unlikely. The lack of maintained ontologies in the area of behaviour change is in contrast to other fields that have been revolutionized by the implementation of continually updated ontologies, such as the Gene Ontology 2, 18 . There is evidently much work to be done to have behaviour change represented in the evolving space of ontologies. Development and maintenance of a behaviour change ontology would allow knowledge in this diverse research area to be efficiently shared and built. Behaviour change terms and classifications could then be incorporated into other ontologies, further broadening the awareness and reach of the collective work in the field of behavioural science.
Several 'best practices' for ontology development were identified in reviewing the methods and assessing the quality of the ontologies in this review. First, the review's inclusion criteria required ontologies to be downloadable in full, meaning that 14 potentially relevant ontologies were not included (Fig. 1) . For example, ONTOPSYCHIA 45 , which describes social and environmental determinants for psychiatry, could not be accessed, as the authors restricted the downloads of the ontology file on BioPortal and elsewhere at the time of this review and the authors did not respond to personal communication requesting access. This highlights accessibility as a key issue for ontologies, highlighted in OBO Foundry principles 23 and also in the FAIR principles for data sharing and reuse more generally 46 . To ensure that ontologies provide open knowledge in any given domain, they must be publicly available and freely downloadable, via portals such as OBO Foundry and BioPortal
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. Second, the majority of identified ontologies had explicit links to other resources, mostly to other ontologies. This reflects OBO Foundry principles of reusing existing terms from other ontologies if definitions show them to be suitable 23 . Reusing terms across ontologies allows for interconnections across disciplines and communities, as well as limiting duplication of similar terms across the global network of ontologies. The Minimum Information to Reference an External Ontology Term (MIREOT) guidance 44 provides ontology developers guidance on the information needed from a developing (target) and a developed (source) ontology to allow successful merging of terms across classification structures. A behaviour change ontology will probably require links to many existing ontologies, including those identified in this paper, such as the OMRSE 36 , to capture demographic aspects of the intervention, population and also health-care settings.
Third, as indicated by ontologies involving user feedback in their development, it is essential that a behaviour change ontology provides an open invitation for users to comment on the addition of new terms and adjustment of existing terms and relationships within it 5 . To enable this, the placement and design of a feedback portal should be implemented with the respondent audience in mind. To maximize feedback from a diverse range of interested parties, the terminology and technology used to facilitate feedback should not require understanding of ontological terminology and coding language. This will require co-design and user testing of the ontology feedback portal 47 . To ensure success of the ontology in driving forward research in behavioural science and to facilitate collaboration across other ontologies, it is essential that the development and maintenance of a behaviour change ontology follow these best practices proposed by ontologists 23, 44 . We will release the methodology for the development of the Behaviour Change Intervention Ontology (BCIO) via the Open Science Framework; this will include information about our stakeholder involvement in ontology development. Methods for co-designing the development of the online platform will be added at a later point in the project.
Strengths and limitations of the review. This scoping review was conducted systematically 48, 49 including publication of a review protocol 26 , incorporating expert feedback and quality assessment and following the PRISMA Extension for Scoping Reviews (PRISMA-ScR) 50 . Unlike longer-standing reporting guidelines in the health sciences, for example, those from the Equator network 51 , recommendations for reporting of ontology development have only recently been published, via the 'Minimum Information for Reporting an Ontology (MIRO) guidance 52 . As this guidance came after the development of the ontologies we identified, it is possible that aspects of development were not reported and are therefore missing from our review. Quality assessment of whether ontologies were evaluated was restricted to the identified papers only, without also searching additional papers citing the given ontologies. It is likely that subsequent papers by the ontology authors or others may have evaluated the ontologies, which is not captured here.
Future research. This review has identified several ontologies, entities, methods and best practices in developing ontologies that have the potential to inform the understanding of behaviour and behaviour change. However, none meets the criteria for an ontology of human behaviour or of behaviour change interventions, meaning there is scope for developing such an ontology.
Findings from this scoping review are being incorporated into the ongoing Human Behaviour-Change Project (www.humanbehaviourchange.org), which is developing the BCIO 5 . The BCIO consists of entities that are key to answering questions about behaviour change intervention effectiveness. It comprises two upper-level entities: 'BCI scenario' (a sequence of events consisting of a behaviour change intervention, its target behaviours, mechanisms of action and contextual factors influencing the outcome of the intervention) and 'BCI evaluation' (a comparison between two or more behaviour change intervention scenarios) 5 . The BCIO will be continually evaluated and updated based on new scientific developments and user feedback for as long as funding can be secured. Long-term models for ontology maintenance need to be developed.
As seen in data-driven methods used by some ontologies in this review, manual annotations by the Human Behaviour-Change Project's researchers based on the BCIO are being used to direct the ontology's development. These annotations are also being used to train an automated feature extraction system, working towards automatic identification of behaviour change entities and their relationships in published scientific literature via machine learning and reasoning algorithms. These extracted data will be used to populate a database that will be freely accessible via a user interface, allowing policy-makers, practitioners and researchers to query the evidence based on human behaviour change 5 . Automated and intelligent synthesis of behaviour change intervention knowledge using the BCIO will allow nuanced querying of up-to-date evidence 20 . Stakeholder input on the content of BCIO will also be sought throughout from potential users, including researchers, policy-makers and practitioners 5 . The Human Behaviour-Change Project aims to revolutionize our ability to synthesize, interpret and generate new hypotheses and evidence about behaviour change, via the application of a specifically developed ontology.
Conclusions
This scoping review has identified, summarized and critiqued ontologies related to human behaviour change. Best practices to incorporate in ontology development were identified; this included providing an easily accessible ontology file, linking to existing ontologies and incorporating user feedback into ontology development and maintenance.
No ontology capturing the breadth and detail of behaviour change was identified, showing room for development in this area, including the development of a behaviour change intervention ontology.
Methods
This scoping review is reported according to PRISMA-ScR reporting criteria for scoping reviews 50 . The review was pre-registered, with its protocol published on Prospero 49 (CRD42017079990).
Identification of ontologies.
Three search methods were used to identify ontologies related to human behaviour change during October-November 2017.
(1) Electronic databases: to capture publications across behavioural, health, computer and information sciences databases, we searched the following 8 databases frequently used within these sciences: ACM Digital Library, Google Scholar (first 15 pages), PubMed, PsycINFO, JSTOR, Web of Science, Scopus and IEEE Xplore. Abstracts and titles were searched with 3 separate strings representing: (1) ontologies, (2) humans and (3) behaviour, with only papers published since 1997 searched to reflect the period of ontology publication. The final search strategy for PubMed can be found in Supplementary Notes 2. References of included papers were also searched.
(2) Key ontology sources: repositories (OBO Foundry 22 and BioPortal
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) were manually searched to identify published ontologies, with relevant ontologies under development (Cochrane's PICO Ontology; http://linkeddata.cochrane.org/picoontology) and medical vocabularies (SNOMED 53 and MedDRA 54 ) also searched for relevant content.
(3) Expert consultation: following (1) and (2), an ontology expert (J.H.), with extensive experience of developing OBO Foundry ontologies, identified any additional relevant ontologies.
Inclusion and exclusion criteria. Records were included in the review if they represented ontologies of topics related to aspects of human behaviour change, such as psychology, health and epidemiological domains. Records were excluded if they presented applications or reviews of existing ontologies without describing the ontology's development, reported ontologies that were not fully accessible online or downloadable in a machine-readable ontology representation format, such as OWL, following direct contact with the authors, or were not published in English.
Data extraction. Titles and abstracts and reviewed full texts were independently screened by paired researchers (E.N., A.N.F. and G.S.) between December 2017 and February 2018 following the inclusion criteria, using EPPI-Reviewer software 55 .
Descriptive characteristics of each ontology were extracted, including domain, main areas captured and relevance to human behaviour change. The relevance to human behaviour change was assessed with reference to the overarching scope of the Human Behaviour-Change Project 9, 10 . The size of each ontology was assessed via the number of classes (that is, entities), individuals (instances of classes), properties (attributes of a class and relations linking classes) and expressivity (the use of constructs in an underlying logical formalism to computationally encode the ontology) from BioPortal metrics (https://bioportal. bioontology.org/ontologies) and by accessing the most recent version (where available, the specific version information is documented, otherwise dates of access are used to delineate the version) of the ontology file in the Protégé ontology editor software 56 . Each ontology was checked in Protégé for logical consistency by performing classification with the HermiT reasoner 57 . Counts of textual definitions and counts of full logical definitions were assessed programmatically for each ontology in Python using the Owlready2 library 58 . Details of the methods used to develop each ontology were extracted from their accompanying papers. This included whether the ontology incorporated existing taxonomies, terminologies (for example, medical vocabularies SNOMED 53 and MedDRA 54 ) or ontologies and whether development was informed by user feedback (for example, expert review of the ontology) and/or by data-driven methods (for example, using health-care data). Disagreements over quality assessments were planned to be resolved by discussion with J.H., although no disagreements were found between reviewers.
Quality assessment of identified ontologies. There are many different ways to evaluate the quality of ontologies 59, 60 . Our objective was to identify ontologies that might be reusable for the domain of behaviour change and evaluate their content rather than their structure, corresponding to the task that Katsumi and Gruninger call 'Search' 61 . It is one of the tenets of the OBO Foundry effort that adherence to a common set of principles for ontology development makes ontologies interoperable and thereby facilitates reuse of content 23 . Informed by this framework, we generated quality assessment criteria by reviewing the OBO Foundry principles of good ontology practice 23 , which also correspond, to some extent, to ontology 'good design' methodologies, such as OntoClean 62 . Ontologies were independently assessed (by E.N. and A.N.F.) against six criteria drawn from these principles. First, each ontology was assessed for its use of globally unique, unambiguous URIs following best practices 63 for each class (yes/to some extent/no). URIs are strings of characters used to identify an entity, for example, 'BFO_0000023' representing the entity 'role' in the BFO 14 . Standardscompliant URIs are important as they allow unambiguous identification of terms, even if labels are updated, and facilitate cross-referencing between ontologies 23 . Second, ontologies were assessed for their use of clear definitions for all terms (that is, non-overlapping terms that lack redundancy 14 ; yes/to some extent/no). Clear definitions are important to allow ontology users and developers to assess the adequacy of a given class for their own uses 23 . The definitions included in the ontologies identified in this review were primarily expressed in natural language rather than as formal axioms, but where such axioms were present, we assessed them. Third, the classification hierarchy of identified ontologies was assessed, with a clear, hierarchical structure preferred to reflect groupings of terms 23 (yes/to some extent/no). Fourth, we assessed the logical consistency (absence of contradictory axioms 64 ) of each ontology by processing the files through the HermiT reasoner 65 on Protégé software. Fifth, where possible, we included information about whether the ontology developers conducted an explicit evaluation of their own ontology and, if so, what method they used to do this. Last, ontologies were assessed as to whether they were maintained (yes/no). Maintenance is usually conducted by a community to reflect changes in scientific consensus over time and is essential to ensure the continued relevance of a given ontology 23 . No disagreements were found between reviewers.
Reporting Summary. Further information on research design is available in the Nature Research Reporting Summary linked to this article.
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